The homeostasis of circulating B cell subsets in the peripheral blood of healthy adults is well regulated, but in disease it can be severely disturbed. Thus ϩ IgM Ϫ IgD Ϫ class switched memory B cells (1) . This peripheral B cell homeostasis is severely disturbed in patients with common variable immunodeficiency (CVID) (2) (3) (4) . Flow cytometric analysis identified the expansion of an unusual B cell subset in CVID patients characterized by its very low expression of CD21 (complement receptor 2, CR2) (5) . Since it was difficult to assign this unusual population to a known stage of B cell differentiation, we designated them as CD21 low B cells (5) . CD21 low B cells are surface IgM positive, express elevated levels of CD19 (5) , low levels of CD38 (3), chemokine receptors CXCR5 and CCR7, and no CD23 (6) ; this marker profile clearly discriminates them from other B cell subpopulations. The expansion of CD21 low B cells correlates well with the presence of splenomegaly and granulomatous disease in CVID (2) . In addition, expanded numbers of CD21 low B cells have been found in patients with systemic lupus erythematosus (SLE) (7) and in viremic HIV patients but not in HIV patients without viremia (8) .
So far, the origin and role of these B cells has remained elusive. A new facet was added to the context when CD21 low B cells in HIV patients were identified as an Fc receptor-like 4 (FCRL4 ϩ ) dysfunctional memory B cell population (9) . Originally, FCRL4, also named immunoreceptor superfamily translocationassociated 1 (IRTA1) was identified as a marker for a CD27 positive (10) or negative (11) memory B cell population in the human tonsil. This B cell subset was assigned to the memory fraction because it lacks IgD and CD38 expression, has a high proportion of class switched B cells and an increase in somatic hypermutation (11) . It consists of large lymphocytes expressing increased levels of activation markers CD69, CD80, and CD86. Recently, Ehrhardt et al. (12) found by microarray analysis a distinct gene expression profile in FCRL4 ϩ B cells compared to conventional memory B cells.
Here we report the extended phenotype, function and gene expression profile of CD21 low B cells in patients with CVID revealing a resemblance to innate-like B cells in mice.
Results

Phenotypic Characterization of CD21 low B Cells Reveals a Distinct
IgM ؉ IgD ؉ Activated B Cell Subset. The relative expansion of CD21 low B cells above 20% of the total B cell count has been used in the Freiburg classification to classify CVID patients as type Ia (2) . The analysis of 81 CVID patients (supporting information (SI) Table S1) of the Freiburg cohort showed an increase of CD21 low B cells both percentage-wise and in absolute numbers in CVID Ia patients compared to non-Ia patients and healthy donors (HD) (30 Ϯ 30 cells/l vs. 4 Ϯ 4 cells/l, P ϭ 0.0004).
To more precisely define the phenotype of this expanded population, CD21 low B cells were screened by flow cytometry for characteristic surface markers allowing a comparison with naïve B cells of the same patient and of HD. Naive B cells are characterized by the expression of CD19, CD21, CD23; intermediate levels of IgM, IgD, CD38, and CD24; but no CD27. In contrast, CD21 low B cells express higher levels of CD19 and IgM; lower levels of CD21, CD38, and CD24; no CD23; low levels of CD27; and the highest levels of CD95 of all circulating B cells (Fig. 1A) . Thus, these cells are clearly distinct from other circulating B cell populations, such as CD19 ϩ CD21 int CD23 4 , n ϭ 16) and an increased expression of CD86 (mean MFI 33.9 Ϯ 8.9, n ϭ 17) compared to naïve B cells of the same patient (FSC mean MFI 378.0 Ϯ 32.9, n ϭ 16, P Ͻ 0.001; CD86 mean MFI 18.9 Ϯ 4.3, n ϭ 17, P Ͻ 0.001) and HD controls (FSC mean MFI 339.9 Ϯ 34.7, n ϭ 10, P Ͻ 0.001; CD86 mean MFI 17.7 Ϯ 3.0, n ϭ 11, P Ͻ 0.001) ( Fig. 1 B and C, respectively) . Fig.  2A) . In addition, we analyzed the presence of somatic hypermutations (SHM) as a sign for antigen driven selection by Ig-REHMA assays on the transcript and genomic level [Vk A27 (13) and Vk3-20 (14)] (Fig. 2B and data not shown) .
There was no difference in frequency of SHM between naive and CD21 low B cells of patients and HD, while memory B cells of HD consistently showed an increased SHM rate (Fig. 2B ). (Table S2 ). The low mutation frequency in the analyzed sequences of CD21 low B cells is indistinguishable from the clones derived from naïve B cells and therefore supports the findings of the Ig-REHMA assay. Irrespective of the unmutated naïve phenotype, but compatible with the preactivated status, the analysis of kappa recombination excision circles (KREC) (14) revealed a more extensive proliferative history of CD21 low B cells compared to naïve B cells of patients and HD (Fig. 2C) . Interestingly, the frequency of autoreactive B cells recognized by the 9G4 anti-idiotypic antibody was significantly enhanced in CVID patients with expanded circulating CD21 low B cells (Fig. 2D ). 9G4 positive B cells were, however, not restricted to the CD21 low B cell subset, thus this expansion rather implies a generally disturbed selection process in CVID Ia patients.
CD21 low B Cells Reveal Defects in B Cell Receptor (BCR)-Mediated Calcium Influx and Proliferation but Produce Higher Amounts of IgM
Antibody. To test the functional capacity of CD21 low B cells ref lected by early and late events after BCR stimulation we analyzed calcium f lux, proliferation and antibody production in vitro. CD21 low B cells from CVID patients exhibited significantly decreased calcium inf lux after BCR stimulation compared to naïve B cells from CVID patients or HD ( Fig. 3  A and B) . The reduced calcium response after BCR stimulation in CD21 low B cells was associated with a severely reduced BCR-mediated proliferative response, which could not be enhanced by anti-CD40 stimulation (Fig. 3C ). In addition, CD21 low B cells more frequently underwent apoptosis than naïve cells (Fig. S1 ). TLR9 stimulation also induced subnormal but detectable proliferation of CD21 low B cells (Fig. 3C ). In contrast, CD21 low B cells produced significantly more IgM than naïve B cells of HD after stimulation with CD40L, IL2, and IL10 (Fig. 3D ).
Gene Expression Profiles of CD21 low B Cells in CVID Patients.
Comparison of gene expression profiles of sorted
ϩ naïve B cells of the same patients and of 4 HD identified 321 probe sets for known functionally annotated genes, unknown expressed sequence tags (ESTs), or gene sequences for hypothetical proteins, which are at least 3-fold up-or down-regulated when comparing CD21 low B cells from CVID patients with naïve B cells from HD (316 genes) or CVID patients (21 genes) (P value of P Ͻ 0.01 and false discovery rate (FDR) of 2.2%). The previously identified deregulation of CD19, CD21, CD23, CD38, CD86, and CD95 was reproduced at the transcriptional level ( Fig. 1 and Fig. S2 ).
The transcription factor sex determining region Y (SRY)-box 5 (SOX5) stood out as one of the highest up-regulated genes in CD21 low B cells. qRT-PCR confirmed a 10-fold up-regulation compared to naïve B cells of HD and over 2-fold up-regulation compared to naive B cells of CVID patients (Fig. S3A) . Noteworthy, SOX5 had also been identified as one of the differentially regulated genes in FCRL4 ϩ B cells (12) . We therefore compared the expression of other markers characterizing FCRL4 ϩ B cells. CVID derived CD21 low B cells express increased levels of FCRL4 transcript (Fig. S3A) and protein (Fig.  S3B ) and share the reported phenotype with regard to CD20, CD62L, and CD11c expression (Fig. S3B) (12) . Also, several transcripts of other FCRL family members (15) , like FCRL2, FCRL3, FCRL5, FCRLM1, and FCRLM2 were up-regulated (Fig. S2) . T cell zones of secondary lymphoid tissues, respectively (16, 17) . CD21 low B cells express variable, mostly decreased levels of CXCR5 (mean MFI 229.7 Ϯ 99.9, n ϭ 17) compared to naïve B cells of the same patient (mean MFI 356.6 Ϯ 121.4, n ϭ 17, P ϭ 0.002) and to naïve B cells of HD (mean MFI 591.1 Ϯ 159.2, n ϭ 16, P Ͻ 0.001) (Fig. 4A) . A significant proportion of CD21 low B cells (34.0% Ϯ 13.9%, n ϭ 16) has even lost the surface expression of CXCR5 completely. CCR7 expression is also consistently decreased on naive B cells (mean MFI 17.5 Ϯ 5.6, n ϭ 9) and even more so on CD21 low B cells of CVID Ia patients (mean MFI 12.3 Ϯ 3.1, n ϭ 9, P ϭ 0.034) in comparison to B cells of HD (mean MFI 26.9 Ϯ 4.7, n ϭ 9, P Ͻ 0.001) (Fig. 4B) . In contrast, the expression of inf lammatory type chemokine receptors CXCR3 (Fig. 4C) and CXCR6 ( low B cells compared to naïve B cells of the same patient (CXCR3: mean MFI 323.5 Ϯ 106.3, n ϭ 15, P ϭ 0.004; CXCR6: 7.3 Ϯ 2.3, n ϭ 19, P Ͻ 0.001) and of HD (CXCR3: mean MFI 143.5 Ϯ 66.8, n ϭ 13, P Ͻ 0.001; CXCR6: 5.2 Ϯ 1.8, n ϭ 11, P Ͻ 0.001). The altered expression of CXCR5 and CCR7 on CD21 low B cells of CVID patients, which had also been described by others (6), in combination with the increased expression of inf lammatory chemokine receptors points to the potential of CD21 low B cells to migrate into inf lammatory sites. So we examined bronchoalveolar lavage (BAL) f luids of 8 CVID Ia patients with interstitial lung disease but no signs of a concurrent bacterial respiratory infection for the presence of CD21 low B cells (Fig.  4E and Fig. S4A ). While the absolute cell and lymphocyte counts in BAL f luid did not differ significantly between the groups, the lavage of 10 disease controls (DC) and 6 CVID non-Ia patients contained only very few B cells (0.6% Ϯ 0.9% and 1.5% Ϯ 1.4%, respectively) in contrast to 6.2% Ϯ 5.1% of BAL lymphocytes in CVID Ia patients (P ϭ 0.014). Further characterization demonstrated that CD21 low B cells are the dominant B cell population in the BAL of all analyzed patients (74.9% Ϯ 26.5%, n ϭ 14; 10 patients had too low B cell numbers for analysis) and especially CVID Ia patients (88.4% Ϯ 6.3%). In contrast, this population was rare (mean 7.2% Ϯ 0.7%, n ϭ 3) in 3 lymph nodes of CVID Ia patients. The phenotype of BAL derived CD21 low B cells closely resembled that of circulating CD21 low B cells (Fig. S4B ). In addition, we found CD21 low B cells to be the major B cell population in the synovial f luid from patients with active rheumatoid arthritis (Fig. 4F) as it had been previously suggested by data of Illges et al. (18) . Thus, CD21 low B cells represent a tissue homing subset of B cells, which is most likely expanded by inf lammatory stimuli in various diseases but also present in low numbers in healthy individuals. and the great similarity to B1 B cells we suggest an innate-like origin of CD21 low B cells.
Discussion
We and others have described the unusual expansion of CD21 low B cells in the peripheral blood of patients with CVID (2), viremic HIV infection (8) and systemic lupus erythematosus (7) . This population is clearly distinct from all other circulating B cell populations. The low expression of CD38 distinguishes these cells from both other CD21 low-expressing B cell populations and transitional B cells, as well as plasmablasts (3). While also being different from conventional naïve B cells by phenotype and gene expression profile, the surface expression of IgM and IgD, lack of class switched isotypes, and the low CD27 expression are compatible with a naïve-like status of most CD21 low B cells in CVID. This is corroborated by the polyclonality and the lack of somatic hypermutation of this population excluding an antigen driven origin, especially a germinal center derived memory stage. The up-regulation of CD86 and the increased cell size indicate recent activation, while the high surface expression of IgM and IgD argue against an activation involving the B cell receptor. In several CVID patients with expanded circulating CD21 low B cells, we had the chance to analyze B cells in lymph node, spleen, and bronchoalveolar lavage. While lymph nodes and spleens contained less CD21 low B cells than the peripheral blood, we found CD21 low B cells to present the predominant B cell population in the bronchoalveolar space. These cells resemble closely their circulating counterparts. Interestingly, this local dominance of CD21 low B cells was independent of the underlying disease. Also in synovial f luid of patients with rheumatoid arthritis, a peripheral inf lammatory tissue with known B cell infiltration (21) , most B cells were CD21 low B cells closely resembling CD21 low B cells in BAL and peripheral blood of CVID patients supporting the notion that CD21 low B cells are enriched in peripheral tissues.
Their homing to peripheral tissue is highly reminiscent of the nature of innate B cells in mice (22). B1 B cells designate a specialized innate B cell population distinct from conventional B2 cells, including follicular (FO) B cells as well as MZ-B cells, by their origin, unique tissue distribution, polyreactive antigen specificity, and capacity of self renewal (19) . Comparison of CD21 low B cells of CVID patients with conventional B2 and B1 B cells demonstrated a similar, partially activated phenotype, with the exception of the expression of CD5, CD38, and CD24, which seem to be differentially regulated in humans and mice (22-25). In human peripheral blood, CD5 is expressed on the majority of transitional B cells and some CD21 low and naïve B cells, thus rendering CD5 not a marker for a specific human B cell subset. CD21 low B cells and B1 B cells have a history of higher in vivo turnover than conventional naïve B2 B cells (19) . Unlike B1a B cells, CD21 low B cells show signs of previous TdT activity and thus don't seem to derive from a fetal liver precursor population. CD21 low B cells from CVID patients are polyclonal B cells with increased poly-and even autoreactive specificities (E. Meffre, personal communication) in assays using single cell RT-PCR and expression vector cloning of the BCR (26) . In fact, the frequency of autoreactive clones was compatible to early immature B cells (27) . Polyreactivity and an increased autoreactivity is a significant trait in innate-like B cells affecting the selection into this pool (22). Finally, similar to B1 B cells and probably associated with the partially activated, polyreactive status, in vitro stimulation of the BCR causes only poor calcium inf lux and proliferative response in CD21 low B cells and increased apoptosis, even after costimulation with CD40 (28, 29) . This attenuated response might be the result of increased levels of several inhibitory receptors like CD22 (30), Siglecs (28) (8) and SLE patients (7). The major difference between these populations is the lack of class switch, SHM and oligoclonality in CVID derived CD21 low B cells, assigning them into the nonmemory pool. This difference might be due to the underlying defect in memory formation in CVID (2) . Thus nonswitched and switched CD21 low B cells might represent different stages of a developmental continuum. This hypothesis is supported by the fact that in the blood of HD, SLE patients (7), as well as in human tonsils (10) IgM ϩ , unmutated, naïve-like FCRL4 ϩ CD21 low B cells have been described alongside with the mutated memory-like FCRL4 ϩ CD21 low B cells. In conclusion, this study reveals that in CVID, CD21 low B cells are a distinct, polyclonal, preactivated, partially autoreactive, functionally attenuated B cell population with preferential enrichment in peripheral tissues. Thus, strongly resembling murine innate-like B cells, we suggest that human CD21 low B cells represent an innate-like B cell population, abnormally expanded in the peripheral blood of a subgroup of CVID patients. Further studies will be important to shed more light on the relation between nonswitched and switched FCRL4 ϩ CD21 low B cells in the various disease entities and their origin and role in the human immune system. In CVID, future work needs to address the origin and effect of the dramatic expansion of circulating innate-like B cells in the context of altered B cell function and selection.
Materials and Methods
Description of Patient and Healthy Donor Cohorts. 81 CVID patients including 29 Freiburg type Ia patients (Table S1 ) diagnosed in line with the European Society for Immunodeficiencies criteria were classified according to the Freiburg (2) and EUROclass (3) classification. CVID patients and controls (10 DC patients and 31 HD) were between 17 and 75 years of age. BAL was performed in 8 CVID Ia and 6 CVID Ib/II, as well as 10 DC patients for medical indication. Informed written consent to the internal ethics review boardapproved clinical study protocol (University Hospital Freiburg 239/99) was obtained from each individual before participation in the study, in accordance with the Declaration of Helsinki.
Flow Cytometric Analysis and Cell Sorting. Antibodies used in flow cytometry and calcium flux assay are described in SI Material and Methods. Anti-FCRL4 antibodies were a generous gift of Dr. Max Cooper (Emory University School of Medicine, Atlanta, GA). VH4 -34 specific 9G4 antibodies were kindly provided by Dr. Freda Stevenson (University of Southampton, Southampton, United Kingdom).
Flow cytometric analysis was performed on a FACSCalibur TM or LSR II (BD Biosciences). Data were analyzed using FlowJo (Tree Star Inc.) software. For cell sorting naïve and CD21 low B cells of patients and HD, the cells were separated into CD19 ϩ CD27 Ϫ CD21 ϩ CD38 ϩ cells and CD19 ϩ CD27 Ϫ CD21 Ϫ CD38 Ϫ cells respectively to a purity of Ͼ95% using a MoFlow cell sorter (DakoCytomation).
Microarray Analysis. Human genome U133 plus 2.0 arrays (Affymetrix U.K. Ltd.) were used. The description of the RNA amplification and hybridization experiments is in SI Material and Methods.
Analysis of microarray data were performed using dChip software (37) . Microarray data are available in the National Center for Biotechnology Information Gene Expression Omnibus (http://www.ncbi.nih.gov/geo/) under accession no. GSE17269.
Quantitative RT-PCR. qRT-PCR for SOX5, FCRL4, hypoxanthine phosphoribosyltransferase 1 (HPRT1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes was performed using a LightCycler 480 Real-Time PCR System (Roche Diagnostics GmbH). Primer sequences and PCR conditions are provided in SI Material and Methods.
IgH CDR3 Spectratyping and Analysis of VH Gene Repertoire. IgH CDR3 spectratyping was performed as described by Pannetier et al. (38) for analysis of the TCR␥-chain. We used primers as established by Kueppers et al. (39) . In brief, the CDR3 regions were amplified using 35 cycles of PCR with a forward primer specific for the V region family and the common reverse primer from the constant region (39) . In a second round, 3 cycles of a primer extension reaction with a fluorescent (5Ј FAM-labeled) nested reverse primer specific for the constant region was performed. The run-off products were then analyzed on an ABI 3100 capillary sequencer (Applied Biosystems) to determine the length distribution of the fluorescent fragments.
Multiplex PCR for VH-JH rearrangements was performed according to (40). Description of analysis of VH gene repertoire, B cell proliferation and Ig secretion assays are in SI Material and Methods. SHM Analysis and KREC Assay. SHM in the V A27 transcript was analyzed using Ig-restriction enzyme-based hot-spot mutation assay (Ig-REHMA assay) as described by Andersen et al. (13) . Ig-REHMA assay for V3-20 gene as well as KREC assay was performed as described previously (14) .
Statistical Analysis. All data are expressed as mean Ϯ SD unless indicated otherwise. Statistical comparison between groups was carried out using paired and unpaired t tests, the Kruskal-Wallis (KW) ANOVA by ranks and in cases of significant differences, the Mann-Whitney (MW) test between groups were applied as indicated using SigmaStat 3.1 software (Systat Software GmbH).
